Pollination is an essential biological process in higher plant reproduction that involves the transfer of pollen to the female sexual organs of flowers or cones. It plays a critical role in the reproductive success and evolution of most plant species by allowing plants to share genetic material from other members of the same or closely-related species, thus increasing genetic diversity. In many cases, non-plant organisms are involved in carrying out this cross-pollination, including insects, bats, mammals, and birds. In order to attract such pollinators, plants have evolved the ability to produce a mind-boggling array of volatile compounds that have also found abundant use for humans when collected as essential oils. In this review, we focus on the role of essential oil compounds that are produced by flowers as chemical attractants used to draw in their often highlyspecific pollinators. We examine in some detail various questions behind the biology of floral scent, including how these compounds are produced in flowers, how they are detected by potential pollinators, and how biotechnology can be used to alter their activity.
I. INTRODUCTION

What is pollination and why is it important?
Pollination is a key biological process in higher plant reproduction that involves the transfer of pollen grains (male gametes) to the plant flower carpel, the structure that contains the ovule (female gamete). The receptive part of the carpel is called the stigma in the flowers of angiosperms (flowering plants) and the micropyle in gymnosperms (represented by conifers, ginkgo, cycads, and gnetes). Pollination can be carried out directly, without the aid of any other organisms, as when self-pollination occurs. However, self incompatibility often occurs, in which case the pollen that a flower produces is not compatible at the stigmatic site of the same flower. For successful pollination to occur here, plants have developed cross-pollination strategies. Wind pollination is the primary strategy in the case of grasses and sedges; many willows, poplars, oaks, and alders; and gymnosperms such as pines, spruces, and true firs. The flowers of wind-pollinated plants are often reduced in size and simple in structure. Windpollinated flowers are also frequently produced as separate male and female structures (as with male and female cones of pine and with male and female catkins of many willows, poplars, alders, and oaks), or they may be complete flowers with male and female parts produced in the same flower (as with grasses).
Non-plant agents involved in carrying out crosspollination in nature include insects, bats, mammals, and birds. These pollinators seek food rewards from either pollen/pollinia or from sugar-producing nectaries located in the flowers that they visit. Plants in turn have evolved rather interesting strategies to attract these pollinators [1] . They include flowers that produce differently colored, often hairy "nectar guides" on their petals (as in Iris); plants that produce ultraviolet pigments that insects see as "bulls-eyes"; various colored petals and/or sepals whose flavonoid and anthocyanin pigments attract specific pollinators; flowers that open only at night when moth type pollinators are active in flight (as with yucca flowers visited by hawkmoths); flowers that produce a rotten meat smell (due to indoles, skatole, or amines) that attract flies or beetles, as in the case of skunk cabbage and other aroids; flowers that produce The flowers of many plant species attract pollinators by producing different complex mixtures of essential oil compounds within the various floral organs (i.e., stigma, style, ovary, filaments, petals, sepals and/or nectaries) or in special scent gland tissues (called osmophores) most commonly located on the epidermal cells of the petals. It is the combinations of the constituents of this scent mixture that give each flowering plant species a unique fragrance [2, 3] . A few examples of the chemical structures of fragrance molecules emitted from flowers are shown in Figure  1 . For the purpose of this review, floral essential oil compounds will also be referred to as olfactory compounds, aroma compounds, volatile compounds, or simply as scent compounds.
II. WHAT ARE THE DIFFERENT KINDS OF ESSENTIAL OIL COMPOUNDS THAT FLOWERS PRODUCE?
The individual compounds that make up each floral scent are widely distributed among the flowers of Table 2 : Classes of compounds and numbers of compounds found in essential oils of flowers (from [6] ). many different species. This likely reflects the fact that the major biosynthetic pathways that lead to the production of such compounds are present in all plants [4] . More than 1700 individual aroma compounds have been identified so far from over 990 taxa belonging to 90 families and 38 orders [5] . Table  1 illustrates the diversity of plant taxa in which scent composition has been characterized. Aroma compounds produced by plants can be classified by functional groups. These groups include alcohols (e.g., menthol, eugenol, hexanol, furaneol), aldehydes [e.g., benzaldehyde (marzipan, almond) acetaldehyde (pungent), hexanal (green, grassy) cinnamaldehyde (cinnamon), citral (lemon grass, lemon oil), furfural (burnt oats), vanillin (vanilla), octanal, nonanal], amines (e.g., indole, skatole), esters (e.g., lutein fatty acid esters from marigold), ethers (nerolin = methyl β-naphthyl ether), terpenes (e.g., linalool in many flower species, citronellol in rose, geraniol, β-ionone; caryophyllene, nerol).
Compound class Number of compounds
Almost all of these compounds are also found in floral scent mixtures. However, rather than using functional groups as criteria, essential oils/volatile The key compounds that contribute to the distinctive scent of rose oil, however, are β-damascenone, β-damascone, β-ionone, and the rose oxides. Even though these compounds exist in less than 1% quantity of rose oil, they make up for slightly more than 90% of the odor content due to their low odor detection thresholds [7] . The odor detection threshold is generally considered to be the lowest concentration of a certain odor compound that is perceivable by the human sense of smell. It also applies to insect pollinators that are in search of a food reward from the flowers they visit, and the threshold appears to be much lower for most insects. The threshold of a chemical compound is determined in part by its shape, polarity, and molecular weight, as well as the receptors that perceive it. However, the olfactory mechanisms responsible for a compound's different detection threshold are not well understood.
III. HOW AND WHERE ARE ESSENTIAL OIL COMPOUNDS PRODUCED BY FLOWERS?
(a) How are essential oils made? Although there are some 1700 volatile compounds identified so far, most of them are produced by only a few major biochemical pathways. These include the isoprenoid, lipoxygenase, and phenylpropanoid /benzenoid pathways. Several model plants having strong floral scents, such as Clarkia breweri, Antirrhinum majus (snapdragon), Petunia hybida, Rosa spp (rose), Stephanotis floribunda, and Nicotiana suaveolens, have been used to isolate and characterize the enzymes and genes involved in the biosynthesis of floral volatiles [8] .
All terpenoids originate through the condensation of the five-carbon building blocks, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), which are universal and derived from two alternative pathways localized in different cellular compartments. In the cytosol, IPP is synthesized from the classical mevalonic acid (MVA) pathway, which starts with the condensation of acetyl-CoA. However, in plastids, IPP is formed from pyruvate and glyceraldehyde-3-phosphate via the methylerythritol phosphate (MEP) pathway [4, 9, 10] . Metabolic crosstalk between these two different IPP pathways has also been reported, especially in the direction of plastids to cytosol [11, 12] .
In both cellular locations, IPP and DMAPP are used by prenyltransferases in condensation reactions to produce prenyl diphosphates. For example, in plastids, head-to-tail condensations of IPP and DMAPP catalyzed by the prenyltransferase, geranyl diphosphate (GPP) synthase, yield GPP, the precursor of all monoterpenes [13] . In the cytosol, condensation of two IPP molecules with one DMAPP by the action of farnesyl diphosphate (FPP) synthase generates FPP, the C15 diphosphate precursor of sesquiterpene biosynthesis [14] . The genes encoding such enzymes have been isolated from diverse plant species, and they all appear to be related to one another, as well as to other prenyltransferases from animals, fungi, and bacteria [4, 15, 16] .
After the formation of such prenyl diphosphate precursors, the various monoterpenes and sesquiterpenes are generated through the action of a Essential oils and floral pollination Natural Product Communications Vol. 2 (12) 2007 1321 large number of enzymes named terpene synthases [17] . Many of the terpene volatiles found in floral scent mixtures are direct products of such terpene synthases, while others are formed through alteration of the primary terpene skeletons by hydroxylation, dehydrogenation, acylation, and other reactions [8] . Similar mechanisms control the formation of diterpenes and irregular terpenes.
Volatile fatty acid derivatives make up most of the aliphatic compounds, including saturated and unsaturated short-chain alcohols, aldehydes, and esters. They represent the second largest class of floral volatiles and originate primarily from membrane lipids through the action of the lipoxygenase pathway. Such fatty acid derivatives are primarily derived from the degradation of C18 fatty acids (linolenic and linoleic acids) [6] . After being transformed to a hydroperoxide by lipoxygenase, they are cleaved into C12 and/or C6 components by hydroperoxide lyase [18] . Depending on the C18 substrate, hydroperoxide lyase produces either 3-cis-hexenal or hexanal, which are also common constituents of floral volatiles [19] . These short-chain aldehydes can undergo further processing by alcohol dehydrogenase and acyltransferase to be converted to the corresponding alcohols (3-cis-hexenol or hexanol) or 3-hexenyl acetate [20] . Recently, a good number of the genes involved in the lipoxygenase pathway have been identified; however, the expression of these genes has not yet been characterized in floral tissues [21] .
Phenylpropanoids constitute a third large class of secondary compounds in plants and are derived from phenylalanine via a complex series of branched pathways. While most of the phenylpropanoids are not volatile, those that are reduced at the C9 position (to aldehydes, alcohols, or alkane/alkenes) or those that have alkyl additions to the hydroxyl groups of the phenyl ring or the carboxyl group are volatile [6] . In addition, many benzenoid compounds that lack the three-carbon chain and originate from trans-cinnamic acid as a side branch of the general phenylpropanoid pathway, are also volatile. These volatile phenylpropanoids/benzenoids are among the common components of floral scent [19] .
The first committed step in the biosynthesis of most phenylpropanoid compounds is catalyzed by the well-known and widely distributed enzyme, L-phenylalanine ammonia-lyase (PAL). PAL catalyzes the deamination of L-phenylalanine (Phe) to produce trans-cinnamic acid [22] . The subsequent formation of benzenoids from cinnamic acid requires the shortening of the side chain by a C2 unit, for which several routes have been proposed. The side chain shortening could happen via a CoA-dependent β-oxidative pathway, CoA-independent non-β-oxidative pathway, or by a combination of both pathways [23] . While little is known about the genes responsible for most of the metabolic steps leading to phenylpropanoids/benzenoids, hydroxylation, acetylation, and methylation are quite common chemical modifications.
A large portion of floral volatiles contain a methylated hydroxyl group (a methoxyl group). As an example, methyl eugenol and methyl chavicol are the results of the 4-hydroxyl methylation of eugenol and chavicol, respectively, catalyzed by two separate, but very similar enzymes, eugenol and chavicol O-methyltransferases (OMTs), which use S-adenosyl-L-methionine (SAM) as the methyl donor [24] . Indeed, OMTs and other methyltransferases are quite active in the production of many essential oil compounds. Likewise, acyltransferases catalyze the acylation of alcohols with acetyl moieties, as well as with larger acyls such as butanoyl or benzoyl acyls, leading to the formation of volatile esters [4] . These acyltransferases often show wide substrate specificity for both the acyl moiety and the alcohol moiety. Similarly, oxidoreductases play an important role in interconversion of volatile alcohols and aldehydes. Such chemical modifications are different for each essential oil compound and their complexity is outside the scope of this review. However, the activity of the enzymes that catalyze such modifications is a key aspect to the complex mixtures of volatile compounds emitted from flowers.
(b) Spatial and temporal emission of floral essential oils: It has been found that floral aroma compounds are synthesized de novo in the tissues from which they are emitted, and their production in plants is under both spatial and temporal control. Within the flowers, the petals are the principal emitters of volatiles, although various other parts of the flower may also participate in volatile emission. For example, different parts of the petals, stamens, and pistils, as well as pollen and nectar, may emit different compounds [25] [26] [27] [28] . While the same floral scent compounds are often emitted from all parts of the flower, they are not necessarily emitted in the same amounts, and in some cases specific compounds are emitted from specific floral organs 1322 Natural Product Communications Vol. 2 (12) 2007 Cseke et al. [29, 30] . In addition, some species, such as orchids, emit the majority of their volatile compounds through highly specialized "scent glands" called osmophores [31] . However, in many species (e.g. Clarkia spp.), such scent glands are not present, yet the flowers still produce a very strong aroma.
Osmophores may be found within any part of the floral inflorescence as part of the petals, sepals, bracts, or anthers. Although they may vary in shape, they tend to have some common features. They form on the epidermal cells and generally face toward the adaxial (inner) side of the perianth, displaying a bullate, rugose, pileate, conical, or papillate shape [32, 33] . Studies using transmission electron microscopy revealed that the cells of the glandular layers are supplied with abundant rough and smooth endoplasmic reticulum, many mitochondria, and lipoid droplets that appear to contain essential oils to be released, as well as lipids such as fatty acids and triacylglycerides [34] .
Glandular trichomes present on floral organs may also be a source of floral volatiles. A well-known example is that of the glandular hairs that are distributed over the shoot vegetative and reproductive organs of members of the Lamiaceae (nettle family) [35] . The volatiles produced in these trichomes protect the plants against herbivores and attract pollinators to the flowers. Two types of glandular hairs in these plants include "short-term glandular hairs", which start and end secretion rapidly (serving to protect young organs); and "long-term glandular hairs", in which secretory materials accumulate gradually under an elevated cuticle (serving to protect mature organs).
As far as temporal control is concerned, the expression of genes encoding scent biosynthetic enzymes peaks one to two days ahead of the enzyme activity and actual emission of the corresponding compound. The temporal changes in the activities of the enzymes responsible for volatile formation suggest that the biosynthesis of volatiles is regulated largely at the level of gene expression [6, 20, 23, 36, 37] . However, it is still unclear as to what extent transcriptional, post-transcriptional, translational, and post-translational events contribute to this process.
Emission of floral volatiles from some plant species also changes rhythmically during a 24 hour period, whereas other flowers may continuously emit volatiles as a constant rate. In addition, some plants emit one set of compounds during the day and another set at night [38] . Moreover, it has been shown that within the flower, different compounds are emitted in a rhythmic manner during a 24 hour period, while other compounds are not. This suggests that different mechanisms regulate the biosynthesis and emission of each volatile [39] . The rhythmic release of scent is almost always correlated with the corresponding temporal activity of the most efficient flower pollinator and is controlled by either a circadian clock or regulated by light [40, 41] .
Interestingly, the scent of many flowers is markedly reduced soon after pollination. Such post-pollination changes have been characterized mostly in orchids, where the subsequently reduced attractiveness of these flowers increases the overall reproductive success of the plant by directing pollinators to the flowers that remain unpollinated [42] . This is particularly important for plants with a low visitation rate, where reproductive success is mostly pollinator limited [43] .
Thus, the timing and magnitude of essential oil production in flowers may vary within different floral organs according to the stage of plant development, timing of the opening of flowers, time of day or night (often according to circadian patterns), environmental factors (e.g., wind velocity and ambient air temperature), as well as the genetic background of the plant species [27, 44] .
IV. HOW ARE ESSENTIAL OIL COMPOUNDS EMITTED FROM FLOWERS?
Identification of the enzymes responsible for the formation of some floral volatiles has allowed the determination of how the levels of enzymatic activities are distributed in the different floral parts. After being synthesized, scent volatiles have to move to the exterior of the cell and evaporate. Until recently, it was not known whether these compounds were synthesized at the surface or whether they were transported from adjacent cells. In situ hybridization and immunolocalization studies on enzymes such as LIS (linalool synthase), IEMT (isoeugenol O-methyltransferase), and BAMT (benzoic acid methyltransferase) have demonstrated that the biosynthesis of the volatile products of these enzymes occurs almost exclusively in the cells of the epidermal layer of the petals and other floral organs from which they can easily escape and evaporate [26, 40] . Once produced in the epidermal cells, four Current understanding indicates that volatile compounds are formed (a) in the epidermal plastids and exported to the cytosol, (b) in association with the ER, or (c) in plastids and further modified in the ER [45] . In all cases, the compounds end up in the cytosol and are likely associated with membrane systems of the ER. To date, no concrete evidence is available for the mechanisms that traffic these compounds toward the plasma membrane; however, participation of the Golgi apparatus is likely, as it is often active in the trafficking compounds or their storage in the vacuole. In addition, direct vesicular transport or protein-mediated movement across the aqueous environment is also a possibility. Alternatively, there is one report of direct contact between the membranes of the ER and those of the plasma membrane that may create a lipophilic pathway for intracellular trafficking of floral scent compounds [46] .
Export from the plasma membrane into the periclinal cell wall involves transfer of the relatively non-polar scent molecules from a lipophilic environment (the plasma membrane) to an aqueous compartment (the cell wall). The low solubility of scent molecules in an aqueous environment is thought to substantially hamper their transport cross the cell wall [47] . Again, the mechanisms behind this level of transport have not been investigated; so, this step is the second unknown in the overall scent export process. As one possibility, parts of the plasma membrane could detach in a process similar to exocytosis, to form vesicles of amphiphilic lipids [45] . Vesicular transport across the cell wall may then be directed by gradients of either bilayer constituents or scent molecules. In addition, specialized proteins, such as adenosine triphosphate binding cassette (ABC) transporters, may be involved both in the export from the plasma membrane and transport across the cell wall. Similarly, either lipid transfer proteins (LTPs) or other lipid-binding proteins could be involved in the transport of scent compounds across the epidermal cell wall.
As far as transport across the floral cuticle is concerned, there are currently no published reports on the cutin composition of floral tissues that can be compared with general models for cutin structure from vegetative organs. Consequently, only postulated mechanisms are available for the movement of volatiles across this membrane: (a) a non-polar pathway for the transport of lipophilic compounds and water [48] , and (b) a polar pathway important for the transport of larger hydrophilic compounds [49] . Although the transport of scent compounds across the cuticle has not been well investigated, it is likely that these lipid-like molecules will move exclusively along the non-polar pathway.
Once at the surface of the floral organ, the essential oil compounds can easily evaporate and enter the airborne environment. However, most of the steps involved in the export of scent products clearly require energy. Consequently, these steps impose transport barriers that generate a build-up of scent products in the corresponding compartments [45] . It is likely that a critical concentration is built up that results in a concentration gradient from inside to outside, and it is this gradient that drives the transport of these compounds across the cell wall and cuticle. Such transport may also be facilitated by specific proteins, especially when moving compounds across the aqueous environment of the cell wall.
V. WHAT TYPES OF ORGANISMS ARE ATTRACTED TO ESSENTIAL OIL COMPOUNDS?
There is a wide range of aroma compounds that plant flowers may produce. Their variation in abundance within each floral scent mixture presents flowervisiting animals with an almost unlimited array of odor blends to be learned and recognized while foraging. Floral scent mixtures may contain from one to more than 100 compounds; however, most species emit between 20 and 60 independent compounds [50] . The amount of floral compounds produced varies from low picograms to more than 30 micrograms per hour [51] . For example, the flowers of many beetle and moth pollinated plants produce the highest quantities of scent compounds, while most hummingbird-pollinated plants produce little if any.
The quality and quantity of floral sent composition varies within and between plant species, and such variation allows the sensory mechanisms of potential pollinators to perceive differences between species, sometimes from a great distance.
Flowers attract pollinators through highly-regulated visual and olfactory stimuli. The role of floral scent volatiles in attracting as well as eliciting landing, feeding, and in some cases mating behaviors on the flower varies with each flower-animal interaction [52, 53] . Such pollinators may be invertebrates (insects) or vertebrates, and the relative importance of floral scent in the act of pollination depends on both the purpose of the animal's visit to the flower and the features of the animal's biology, such as general morphology. Most flowers are visited by a diverse array of potential pollinator species. Only a few of these may actually impact pollination [54] . Likewise, the variety of animal species that may pollinate a given plant species may vary in location. This sets up a selection pressure between the plant and animal, as it is in the best interest of the plant to produce flowers that are visited by the most efficient pollinator species. It is also in the best interest of the animal to find flowers that offer the most rewards. It is this selection pressure that has likely led to the evolution of such diverse arrays of floral scent [55, 56] .
In most cases, flowers reward pollinators with food, such as nectar, pollen or oils, used in direct consumption or to attract mates. Other materials, such as petals, resins or essential oils may also be taken from the flowers for use in nest building or sexual reproduction. Some flowers are deceitful in attracting animals, whereby they mimic oviposition sites, mates, or food sources of pollinators (see orchid case study below). Other flowers may provide essential breeding sites for their pollinators. 
There are literally thousands of pollinator species, and most have developed highly sensitive mechanisms for detecting and distinguishing between the complex arrays of volatile mixtures that they may encounter on a daily basis. While there is still surprisingly little information on how each species uses floral scent to efficiently choose which flowers to visit, there appear to be some generalized "pollinator syndromes" that can be described from the species that have been studied in detail. One reference that has attempted to make these generalizations is Dobson (2006) [57] . Table 3 shows a summary of their findings.
Many plant species have animal associations that fall under a generalist pollination syndrome, where the flowers are pollinated by a diversity of insects (beetles, flies, bees, butterflies) that feed on the exposed nectar and pollen [58] . Typical examples of plant families that have animal species displaying this pollination syndrome include, Apiaceae, Arecaceae, Rosaceae and Ranunculaceae. Coleoptera or beetles often visit flowers to feed on pollen, floral tissues, and other floral exudates [59] . They also use flowers as sites of mating and egg laying, and flowers pollinated by beetles are generally placed under the syndrome of cantharophily [58] . Diptera (flies) is also an important order of flower pollinators, where most act as generalists in their associations with flowers [60] . Flies form a major portion of the pollinators at higher elevations and latitudes, where they replace the small bees that are most prevalent at lower altitudes [61] .
Flowers that are pollinated by insects associated with decaying and organic matter have traditionally been classified under the syndrome of sapromyophily, but this term is somewhat of a misnomer because the pollinators include not only flies, but also, many types of beetles [57] . Such flowers are characterized by colors that tend to be dull and dark brown and purple, and the pollination is typically performed by deceit. Here, flowers mimic mating and/or egglaying sites. They emit odors that resemble the smell of decaying protein, dung, urine, mushrooms, cabbage, or onions.
There is also increasing documentation of plant species that are pollinated by Thysanoptera or thrips.
Thripophily has been proposed as a relatively new pollination syndrome [59] . Thrip-pollinated flowers tend to be of medium size, white to yellow, have floral structures that provide shelter, and are sweetly scented [62] .
Perhaps the best known insect pollinators are bees and wasps, Hymenoptera. Pollination by bees, referred to as melittophily, covers plants that vary immensely in floral morphology and color, as well as fragrance, with no obvious trends emerging in scent chemistry [58, 59] . Bees in general appear to detect a wide range of floral volatiles, and numerous studies have been made to address the ability of bees, especially honeybees and bumblebees, to discriminate between individual volatiles and different combinations of volatiles [63, 64] . Similar statements can be made about wasps; however, there are few documented studies that deal with nectarseeking wasps as primary pollinators. Most wasps feed on flowers with readily available nectar, and these are typically plant species with generalist-type pollination syndromes, such as species of Apiaceae [58] .
Moths and butterflies (Lepidoptera) are primarily nectar-feeding insects, and are also well known for their roles as flower pollinators. Some groups, such as the Micropterigidae moths, have chewing mouth parts and also feed on pollen or in some case fern spores [65] . The proteins consumed by these insects also can provide the necessary energy for Micropterigidae species to survive longer than their counterparts that feed on nectar alone. The three major groups of lepidopteran pollinators that have evolved nectar feeding are the butterflies, settling moths, and hovering moths [59, 66] . Since the majority of flower-visiting Lepidoptera have a long proboscis, a common feature of most flowers visited by these species is that they produce nectar in narrow tubes or spurs. For adult butterflies, the floral scents of the flowers that they visit are often described as weak, fresh, and sweet [67] . The nocturnally active Lepidoptera that serve as pollinators are either moths that land when they feed at the flowers (settling moths), which are principally members of Noctuidae, or moths that hover (i.e., hawkmoths) of the Sphingidae family. Flowers pollinated by nocturnal moths are usually characterized as having nocturnal anthesis (the time the flower opens), nectar in floral tubes or spurs, light color to be seen at night, and a generally pleasant and often very strong scent containing acyclic terpene alcohols (e.g., linalool), benzenoid compounds, and some nitrogen-containing compounds.
Vertebrates such as birds and bats are also important pollinators. Pollination by birds, or ornithophily, is carried out in both tropical and temperate parts of the world. Such bird pollinators fall within mainly ten families [58] . Floral morphology depends on the type of bird pollinator, which may either hover while it feeds (hummingbirds) or perch (honeycreepers, sunbirds, white-eyes, sugarbirds, and honeyeaters) [58, 68] . However, birds are not known for their sensitive sense of smell. Accordingly, most of the flowers that birds pollinate are reported to be either weakly scented or devoid of scent [69, 70] . Bats, on the other hand, have a highly developed sense of smell, and olfaction is probably the main sensory mechanism used by bats to locate flowers. An estimated 750 plant species rely on bats for pollination [71] . The typical floral syndrome is similar to that of the nocturnal moths, having nocturnal anthesis, whitish or drab colors, copious amounts of nectar, and strong odors that are described as fetid, pungent, fermented, or butter-, cabbage-, or onion-like [72] .
VI. HOW ARE ESSENTIAL OIL COMPOUNDS DETECTED BY POTENTIAL POLLINATORS?
Consider for a moment how a foraging insect is able to distinguish between the smell of different flowers, each of which may consist of hundreds of odor volatiles, intermingled among hundreds of other odor-emitting flowers in the environment. Humans can certainly distinguish between scent molecules in the air; however, insects are often considerably better at detecting these compounds. Unlike humans, insects live in an odor world where an ability to accurately distinguish chemicals in the environment is essential for survival. Mates are often located and identified by odor signals and pheromones, and egg laying (oviposition) sites having high levels of competition are avoided by deterring compounds. In addition, nectar-foraging insects, such as honeybees and moths, use olfactory cues emitted by flowers to find the food source. Consequently, insects have evolved considerably more advanced mechanisms with which to distinguish between the different constituents of the floral scent mixtures coming from diverse floral species. As alluded to above, the coevolution between essential oil production in the flowers of plants and the highly specific sensing/detection systems in insects for these scent compounds has resulted in highly-successful and highly-specific pollination syndromes.
While the mechanisms behind detection, coding, and discrimination of single volatiles are fairly well investigated, odors are rarely encountered as single molecules under natural conditions. How insects are able to navigate the immensely complex world of scent and learn what specific flowers offer the best rewards largely remains a mystery. It has been well established that insects, such as honey-bees, learn their odor cues from visited flowers that have had good food rewards [73] . Presumably, the ability of pollinators to sense odor molecules combined with learning enables them to utilize resources more efficiently.
The major function of the olfactory organs is to provide the central nervous system with information about the identity and abundance of odor molecules in the environment. To accomplish this task, specific cells sense the presence of a chemical stimulus and transform it into changes in membrane potentials that can reliably send information to the target cells in the brain. In insects, olfactory receptors on the antennae and mouth parts bind to odor molecules, including floral scents and pheromones. Antennae are paired appendages connected to the front-most segments of arthropods ( Figure 2 ).
The primary olfactory organs in insects are the antennae. On the third flagellum of most antennae are numerous cuticular formations, called sensilla, containing the sensory cells (Figure 3 ). Each sensillum normally houses two to five olfactory receptor neurons (ORNs), but rarely more than 100 [74] . The ORNs are bipolar cells connected directly to the brain. From the cell somata at the sensillar base, a dendritic end extends into an aqueous fluid, the sensillar lymph, which acts as the interface between neuron and environment. Odor molecules enter the sensilla through pores in the cuticular walls [75] . As most aroma compounds are lipophilic, the transfer from the pores to the receptor sites on the ORNs is believed to be facilitated by docking to "odorant binding proteins" (OBPs).
In contrast to other sensory systems, the olfactory system has to recognize and discriminate odor stimuli that are multidimensional with respect to physical properties. The solution as to how the olfactory sense deals with this problem came when the Nobel laureates Linda Buck and Richard Axel discovered the multigene family coding for odorant receptor proteins in rats [76] . Since then, such odorant receptor proteins have been found in other organisms, including insects [77] [78] [79] . The size of the gene families coding for these receptors is remarkable and the number of different receptors expressed in olfactory tissues can be as large as 1300 in the mouse [80] . Even though the number is much lower in insects (~40 to 200), the gene family is still quite large [78, 81] . All odorant receptors identified so far are G-protein coupled 7-transmembrane proteins, but they show little homology between phylogenetically divergent groups of organisms [77, 82] . Most importantly, each insect ORN expresses only a single receptor type [77, 81, 83] . However, each type of receptor cell responds to several structurally similar compounds, and each of these compounds activates several types of receptor cells [84] . Any odorant will therefore excite several different types of receptor cells, and the pattern of cells excited by several odor compounds usually overlaps.
Binding of an odor molecule to a receptor protein triggers a second messenger cascade. The primary pathway in insects involves generation of inositol 1,4,5,-triphosphate (IP 3 ), which causes an influx of calcium ions into the dendrite [85] . The calcium then activates non-specific cation channels. The inflow of cations through these channels changes the membrane potential, and (if the depolarization exceeds a certain threshold) an action potential is evoked at the initiation site near the soma. Action potentials carry information along the axons of the sensory cells into the primary olfactory center of the brain, the antennal lobe (AL). The AL is the locus of synaptic interactions with the brain interneurons, and the interneurons interconnect glomeruli, small cells in the olfactory bulb that form numerous synaptic connections with each other and with the output neurons [86, 87] . The frequency of the evoking action potentials within a neuron is proportional to the concentration of the stimulus.
The molecular receptive range of ORNs that are tuned to specific floral aroma compounds has been covered by an extensive study performed by Shields and Hildebrand in the female hawkmoth (Manduca sexta) [84] . They used a large panel of volatiles (more than 100 different compounds) known to be emitted by flowers preferred by M. sexta. They found that some groups of ORNs are highly specific, while others have quite broad recognition. Since several different types of ORNs can be activated to a different degree by the same type of compound, the identity of the compound is likely contained in an "across-neuron" pattern. Likely, ORNs are tuned to a molecular feature shared by several different compounds, and each compound possesses several of these features, and thus activates different receptors. Since all ORNs expressing the same receptor protein converge on the same glomerulus in the AL, the identity of floral compounds is likely represented as unique combinations of activated glomeruli. These activity patterns depend on the odor identity, the odor abundance, and on previous experience. Such patterns can be quite complex and appear to explain how many types of compounds can be recognized by the insect sensory system. As a comparison, it has been estimated that humans possess about 300 different functional receptor proteins [88] . Still, we can recognize more than 400,000 different odorous molecules [89] .
VII. HOW DO POLLINATORS FINALLY DECIDE THAT THEY SHOULD COME TO A SPECIFIC FLOWER?
Activity patterns set up in the antennal lobe are made more complex when combined with the responses of other brain neuropils that represent reinforcing stimuli (such as color, shape, texture, taste). For example, honeybees have a cluster of cells located in the subesophageal ganglion that receive input from sucrose-sensitive taste hairs on the mouthparts [90] . They then send their outputs to the AL, where they influence the activity of most or all of the glomeruli. The anatomy and electrophysiological responses of one such cell cluster, called the VUMmx1, to odors and sucrose have been fairly well characterized [90] . The VUMmx1 may be an important linkage between odor and sucrose learning pathways in the insect brain. Likewise, two recent electrophysiological studies of ALs indicate that neural responses to odor are modified by reinforcement. In the honeybee, glomeruli that are activated by an odor show an increase in responsiveness to that odor after it has been associated with sucrose reinforcement [91] . Likewise, in the moth, individual units in the ALs show complex changes in response patterns when associated with reinforcement [92] .
Similar reinforcement pathways have also been proposed by Raguso and Willis, where nectar-feeding insects use carbon dioxide (CO 2 ) as an additional indicator of nectar sources [93] . In fact, it was recently demonstrated that the CO 2 level was correlated with the secretion of nectar in the flower of Datua wrightii [94] . Thus, CO 2 may act as an additional indicator of food abundance to insects, but the unique structure of CO 2 suggested that its detection follows a different pathway. Indeed, ORNs tuned to CO 2 in moths are not located on the antenna, but in the labial palp pit organ (near the mouth parts) housing more than 2000 ORNs in M. sexta [94] .
A foraging moth or bee visits from a few dozen to more than a hundred flowers on an average foraging trip, and it can make many such trips in a single day [95] . During these visits, it is able to associate floral stimuli, such as color, shape, texture, and odor, with nectar and pollen rewards produced by flowers [28, 96, 97, 98] . Based on these experiences, the insect's memory is continuously updated with current information about the nature and distribution of reward associated with a given species of flower. This memory influences ongoing decisions about staying or leaving a given food patch or whether to specialize on a particular species of flower [95] .
Clearly odors do not work alone to attract floral pollinators. Instead, a combination of mechanisms and cues (e.g., visual cues, aroma compounds, CO 2 ) allow an insect to find important food sources. Highly selective ORNs are used to prepare the insect for especially important and predictable stimuli, while the broad and overlapping ORNs increase the coding capacity greatly and prepare the insect for an unpredictable and ever-changing odor world. In turn, the plants that provide the correct signals to potential pollinators benefit from the spread of genetic material to new generations.
(a) Case study: Production of mixtures of aromatic compounds by orchid flowers together with insect mimicry attracts highly species-specific insect pollinators: Orchids have evolved especially complex mechanisms for pollination. Orchid flowers are typically bisexual and consist of three sepals, three petals (two wing petals and the lip petal often adapted as a "landing platform"), a column of fused stamens and stigmas, and an ovary made up of three carpels. The lip petal of the flower encloses the column, resulting in the fusion of male and female parts. At the tip of this column is an anther cap with four masses of pollen called pollinia (pollen packets) tucked into two pocket-like structures. A pollinium has a sticky anther sac and a hooked caudicle. The remaining end of the column is formed by three fused fertile stigmas with the end of the stigma forming a sterile, sticky flap, the rostellum [1] .
On many orchids, the lip (labellum) serves as a landing pad for flying insect pollinators. In some cases, the labellum is adapted to have a color, shape, and scent that attract particular male insects via mimicry of a receptive female insect. In fact, some orchids are completely reliant on this deception for pollination. For example, most species of the genus Ophrys ("eyebrow") imitate the female morphology of their specific pollinator, usually a bee, a wasp, or sometimes a large fly or beetle. This visual lure is enhanced by the production of pheromone compounds that mimic the female sex pheromones.
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Ophrys has some species that look and smell so much like female bumblebees that male bees flying nearby are irresistibly drawn to the flower in an attempt to mate with the flower, such as with the Bumblebee Orchid (Ophrys bombyliflora). During this visit, the viscidium, and thus pollinia, stick to the head or the abdomen of the bumblebee, and upon "visiting" another orchid of the same species, the bumblebee ends up pollinating the sticky stigma with the pollinia. The filaments of the pollinia, during transport, take a position from which the waxy pollen is able to stick to the stigma in the second orchid, just below the rostellum; such is the refinement of the reproduction. If the filaments had not taken the new position on the bee, the pollinia could not have pollinated the original orchid.
Other species of Ophrys are mimics of different bees or wasps, and are also pollinated by males attempting to mate with the flowers. Many neotropical orchids are pollinated by male orchid bees, which visit the flowers to gather volatile chemicals that they require to synthesize pheromones used to attract mates. Each type of orchid places the pollinia on a different body part of a different species of bee, so as to enforce proper species-specific cross-pollination.
Orchids, such as Lady's Slipper (Paphiopedilum), have labella that are modified into a deep pocket that traps visiting insects, such as flies or bees that are lured into the pouch due to the bright colors of the flowers. In the process of climbing out of the pouch, the pollinator gets the flower's pollinium glued to its back. Pollination is then achieved when the same insect becomes trapped in other orchid of the same species, having to pass once again through the exit. Many other fascinating mechanisms of orchid pollination have evolved over time. Some of these include the following:
An underground orchid in Australia, Rhizanthella slateri, never sees the light of day, but depends on ants and other terrestrial insects to pollinate it. Many Bulbophyllum orchid species stink like rotting carcasses, and the flies they attract assist their reproduction.
Holcoglossum amesianum, native to China's Yunnan province, reproduces in a hermaphroditic manner, fertilizing itself by rotating its anther and inserting it into the flower's stigma cavity. This mode of pollination is likely due to the lack of wind and insects in the region where this species grows.
The bizarre Catasetum orchids produce either male or female flowers, depending on the individual. Male flowers have special triggers that literally flick away the pollinators they lure in the process of applying their pollinia. Darwin, himself, observed this spectacular process in C. saccatum, and was ridiculed by Thomas Huxley due to the event's alleged preposterousness.
The Star of Bethlehem orchid, Angraecum sesquipedale, of Madagascar, has an 18 inch long nectar-spur emanating from its labellum. Knowing that sphinxmoths pollinate all of its relatives, Darwin predicted that there was a sphinxmoth with an 18-inch long tongue that pollinates it. Over a hundred years after Darwin's death, the Madagascan sphinxmoth Xanthopan morganii praedicta, which has an 18 to 20 inch-long tongue, was discovered. Paradoxically, this particular sphinxmoth has never been observed feeding on the orchid in the wild.
(b) Case study: Changes in the production of the monoterpene, linalool, over evolutionary time controls the attraction of specific insect pollinators: Linalool is a naturally-occurring acyclic monoterpenoid alcohol found in the scent mixtures of many flowers and spice plants, and it has many commercial applications, the majority of which are based on its pleasant scent (floral, with a touch of spiciness). Like other monoterpenes, linalool is important in industry as a starting material in the production of perfumes and as a flavoring compound in food and drink [99, 100] . So, its study not only helps with the understanding of how plants communicate with insects, but may also benefit industry and agriculture, especially with the potential for the modification of scent production through transgenic plants or crop plants that are grown outside of their natural pollinator's living range and thus suffer from lower crop yields.
In addition to "linalool", this compound also has other names such as β-linalool, linalyl alcohol, linaloyl oxide, p-linalool, allo-ocimenol and 2,6-dimethyl-2,7-octadien-6-ol. In nature, over 200 species of plants produce linalool, mainly from the families Lamiaceae (mints, scented herbs), Lauraceae (laurels, cinnamon, rosewood) and Rutaceae (citrus fruits), but also, birch trees (Betula spp.) and other plants, from tropical to boreal climate zones [100] [101] [102] [103] [104] [105] [106] . Its chemical structure is shown in Figure 4 . The enzyme resposible for linalool production is called linalool synthase (LIS), and it catalyzes the conversion of GPP directly to linalool (Figure 4) . In Clarkia breweri plants (a small annual plant native to California and one of only a few species where LIS activity is characterized in detail), it is produced predominantly by the epidermal cells of the petals that are responsible for the majority of linalool emission from the flower [26] . Linalool also has its oxide forms that are produced through a suspected epoxide intermediate by an as-yet unidentified epoxidase (Figure 4 ). These oxides are produced predominantly in the transmitting tissue of the stigma and style of each flower where pollen tubes grow during pollination. The oxides, however, are a minor component of the floral scent mixture. Both linalool and its oxides are only produced when the flower is open, beginning as soon as the flower opens and ending just after the flower is pollinated. This timing has a distinct advantage for the plant since it avoids wasted energy by the production of compounds when they are not needed.
Interestingly, linalool is also known to be toxic to some insects, such as fleas. There is also some evidence through transgenic studies that linalool production can be toxic to young plant tissue. Thus, producing linalool only when a more mature tissue, such as a flower, has developed may avoid other toxic effects within the plant. In any case, the primary activity of linalool itself seems to be to attract a specific moth pollinator (a hawkmoth) that lives in the same regions as C. breweri. The oxides may also play a part in this role, but it seems likely from their expression patterns that linalool oxides have potential roles (1) in directing the visiting insect specifically to the stigma where it is most advantageous for the plant to have pollen placed or (2) in the inhibition of pollen tube growth of other species or the stimulation of pollen tube growth from the same species. The true function of the oxides, however, is not known.
Another interesting part of the Clarkia example deals with the general question of how the ability to produce linalool changes over evolutionary time [107] . As mentioned above, species that produce linalool are generally pollinated by moths, while species that do not produce linalool are pollinated predominantly by bees and butterflies. This part of the study focuses on the differences in the molecular genetics and biochemistry of scent production between Clarkia and Oenothera (evening primrose) species that determines the differences in primary pollinators.
Oenothera and Clarkia are in the same family (Onagraceae) and are thus very closely related. Most Oenothera species produce scent, including linalool; yet only two species within the Clarkia genus, C. concinna and C. breweri, produce any linalool at all [104, 105, 106] . Flowers of C. concinna, like those of all other Clarkia species, are odorless to the human nose. However, linalool and its pyranoid and furanoid oxides have been detected in C. concinna stigmata using gas chromatography/mass spectrometry (GC-MS), but at levels 1000-fold less than in C. breweri. Additionally, chromosomal, morphological, and genetic data suggest that C. breweri has evolved relatively recently from C. concinna [102, 106] . These observations raise at least two questions: (a) What is the function of the linalool pathway in non-scented plants such as C. concinna; and (b) what is the mechanism of evolution that allows the scent trait to be switched off and on over evolutionary time?
This evolution could occur through several mechanisms -enzymatic, morphological, or genetic -but research so far has narrowed the possibilities for differential scent production between C. breweri and C. concinna to control at the level of transcription [26, 107] . It is generally accepted that Oenothera and Clarkia species share a common ancestor; yet, they show a surprising diversity in the ability to produce linalool. By characterizing the expression and regulation of genes that encode enzymes, such as linalool synthase, researchers are starting to uncover how scented species, such as Oenothera, evolve into non-scented species, such as most Clarkia species, and yet retain the ability to evolve into scented species again.
The case of the strongly scented C. breweri evolving from the more or less non-scented C. concinna is a clear example of gene level regulation of linalool synthase. As described above, the LIS gene of C. breweri has been shown to be highly expressed in stigmas and petals [26] . This LIS gene has also been isolated from C. concinna and has been shown to encode an identical protein [107] . However, in C. concinna, the gene is not expressed at all in the petals, but is expressed in the stigma at a drastically lower level than that of C. breweri. It is this difference in expression levels between the two species that draws hawkmoths as pollinators to C. breweri, but leaves C. concinna to be pollinated by more generalized insects, such as bees and butterflies.
VIII. HOW CAN BIOTECHNOLOGY OF ESSENTIAL OILS BENEFIT FLOWER POLLINATION?
Plants cultivated for their flowers, such as roses, have a major economic impact for countries around the world. Throughout history, people have harvested the flowers of particularly sweet smelling or otherwise distinctly scented plants for the shear enjoyment and subsequent profit of the smell. This is especially true for essential oil extracts from flowers. In fact, the original perfume industry arose from the observation that floral volatile compounds could be isolated and concentrated into essential oils and used as perfumes. On the other hand, while many essential oils are still collected, the bulk of perfumes are now produced from synthetic reactions.
Today, many of our commercially available flowers have been bred, using either inbreeding techniques or genetic transformation protocols, in order to produce plant cultivars having a greater diversity of colors (e.g., blue roses with genes for blue anthocyanin pigment biosynthesis being obtained from Petunia hybrida), larger or smaller flower sizes, and/or abnormal flower shapes (e.g., flowers with supernumerary petals resulting in so-called "double" flowers). Unfortunately, these recent commercial plant breeding programs in the "cut flower" industry have resulted in many new cultivars of formerly scented species that have substantial reductions in their floral scents. The reasons for this are not well understood, although it is likely that this resulted from the selection process being more focused on visual attractiveness and shelf life rather than the scent of the flowers [108] . The exact genetic mechanisms for such losses are not clear. However, an alteration in gene expression leading to the production of scent is likely.
For example, the scent of Rosa chinensis is rich in 1,3,5-trimethoxybenzene, but most modern roses, which are believed to be hybrids obtained by crossing R. chinensis with other rose species, do not emit this compound. The methyltransferase enzymes responsible for the last steps in its synthesis are present in modern roses [109] . However, it is hypothesized that hybrid roses lack the ability to synthesize 1,3,5-trihydroxytoluene, the substrate of the methyltransferases [110] . Still, the exact cause has not yet been determined.
A current initiative of plant breeders is to restore and/or alter floral scent, especially because of public demand, commercial potential, and the need to restore attraction of diverse kinds of pollinators to improve the productivity of various crop plants. One relatively new field devoted to controlling how flowers smell is called "scent engineering" [111] . Many groups of investigators are now beginning to focus on "scent genes" with an aim to understand how the expression of these genes can be manipulated in order to manipulate floral scent and essential oil production. The metabolic pathways and the genes that regulate the synthesis of the enzymes in these pathways are mainly those that produce 1332 Natural Product Communications Vol. 2 (12) 2007 Cseke et al.
terpenes, phenylpropanoids, or fatty acid derivatives, as these are the largest and best understood of the scent compound categories.
Still, the complexity of the pathways can be mindboggling with many interconnecting branch-points and chemical modifications, each of which is controlled by the expression of different genes. Recent attempts to re-engineer terpenoid production to enhance scent compounds in flowers of transgenic plants point to the importance of substrate availability for the enzymes that catalyze the reactions throughout the pathways. In many cases, the nature of the product and the efficiency of its formation are determined by the availability of substrates for the final reaction. This is especially true when the final reaction is catalyzed by an enzyme with broad substrate specificity, such as some methyltransferases and acyltransferases, as in the case for roses described above [23, 112, 113] .
The role of substrate in the regulation of the biosynthesis of volatile compounds was recently confirmed by metabolic engineering, as denoted in the two examples below:
Example 1: When the LIS gene was introduced under the control of the cauliflower mosaic virus (CaMV) 35S constitutive promoter into transgenic Petunia (Petunia hybrida) [114] and carnation (Dianthis caryophyllus) [115] flowers and leaves, the organ-specific differences in the amount of synthesized linalool or its glycoside depended more on the availability of the GPP substrate within each tissue than on the level of expression of the LIS gene [114] . These plants normally do not emit linalool from either their leaves or flowers.
Example 2: Introduction of three lemon (Citrus × limon) terpenoid synthases in tobacco (Nicotiana tabacum) flowers and leaves, again using the constitutive 35S promoter, resulted in the emission of native terpenoids, which are present in the nontransgenic plants, as well as new terpenoids that included ß-pinene, limonene, and γ-terpinene [116] . Subsequently, mint (Mentha spp.) limonene-3-hydroxylase genes were introduced into these transgenic tobacco plants, resulting in consequent production of (+)-trans-isotranspipiterinol from (+)-limonene via hydroxylation [116, see [111] for more examples]. However, the directions that the branched pathways appear to take depend again on the abundance of the substrates for these reactions and to a lesser degree the expression of the transgene.
The above two cases represent examples of de novo scent production in transgenic plants. However, scent restoration in plants that have lost their scent via inbreeding has not yet been achieved. In contrast to de novo scent production, the elimination of some of the floral scent volatile constituents produced in the phenylpropanoid/benzenoid pathways has been achieved in P. hybrida using gene silencing RNAi technology [117] [118] [119] [120] .
Thus, the use of new technology (including gene silencing) allows such studies to ask the question: What would be the effect of reduced scent volatile diversity on the numbers and kinds of insect pollinators that visit such flowers? In the near future, the answers to such questions will likely lead to some exciting new directions for (1) the productivity of crop plants, (2) the resurrection of and manipulation of floral scent, and (3) the importance of essential oil compounds in our modern society.
